Abstract. Assessing the nature and magnitude of potential effects of climate change on populations is important to anticipating effects on species diversity for conservation planning. We used ecological niche modeling to predict present and future distributions of 49 species of manakins (Pipridae) and allies. Predictions for present-day distributions were highly coincident with independent test data, suggesting good predictive ability. Assuming no dispersal, projections of potential distributions under four scenarios of climate change predicted that 20% of manakin species would likely go extinct from their current ranges, and that distributions would in general be reduced and fragmented, regardless of the area of present-day potential distribution or rarity. Predicted changes in potential distributions, spatial configuration of suitable habitats, and geographic position of species ranges were more dramatic for species inhabiting flatlands than for montane species. These results are an example of how ecological niche modeling techniques can anticipate the nature and magnitude of changes in biodiversity in response to climate change.
INTRODUCTION
Globally, climates are undergoing dramatic changes (Karl et al. 1996 , Magnuson 2001 , with demonstrable effects on the distribution of biodiversity, including both colonization of new areas and local extinctions (Brown et al. 1997 , Parmesan et al. 1999 , Xu and Yan 2001 , Walther et al. 2002 . Predictions of substantial further warming and reorganization of patterns of precipitation for coming decades in Neotropical regions has generated concern about consequences for biodiversity across the region (Houghton et al. 2001) , where numerous biodiversity hotspots are located (Myers et al. 2000) . Thus, as future climate changes will likely affect the conservation status of many species (Peters and Darling 1985 , Dobson et al. 1989 , Peters and Myers 1991 , Chapin et al. 2000 , Thomas et al. 2004 , studies that anticipate the pattern and magnitude of effects of climate change on distributions of Neotropical species are urgently needed.
The geographic distributions of species are defined by autecological needs and tolerances, biotic interactions, and historical effects (So-beró n and . As such, climate change may affect the spatial manifestation of ecological niches (i.e., the set of environmental conditions within which a species is able to maintain populations without immigration; Grinnell 1917 Grinnell , 1924 . When faced with changing ecological conditions, species may track appropriate conditions or adapt to the new conditions; failing both, populations will be extirpated (Holt 1990, Brown and Lomolino 1998) . As both theoretical expectations and empirical studies suggest that ecological niches remain relatively constant over long time scales (Huntley et al. 1989 , Kawecki and Stearns 1993 , Holt 1996 , Holt and Golmukiewicz 1996 , Peterson et al. 1999 , Rice et al. 2003 , Martí-nez-Meyer et al. 2004 ), these ecological characteristics likely present long-term stable constraints on the geographic potential of species (Peterson 2003) . As such, we make the provisional assumption in this analysis that evolution in ecological characteristics will be nil, and focus on anticipating spatial shifts in the position of appropriate conditions for species.
Ecological niche models can be based on present-day distributions with respect to environmental conditions (Soberó n and Peterson 2005) . Once models are built and validated in present-day conditions, their rule sets can be projected onto scenarios of change for anticipating potential distributional shifts and consequent changes in diversity (Pounds et al. 1999 , Peterson et al. 2001 , Root et al. 2003 , Roura-Pascual et al. 2005 . Although many studies modeling effects of climate change on potential species distributions have shown idiosyncratic and individualistic aspects of the likely responses of different species (Perry et al. 1990 , Johnston and Schmitz 1997 , Kadmon and Heller 1998 , Price 2000 , Peterson et al. 2001 , some generalities are now emerging. For example, Peterson et al. (2001 Peterson et al. ( , 2002 and Peterson (2003) showed that species in flatlands regions experienced higher predicted distributional shifts and loss in habitable area than species in montane areas. Studies examining sufficient numbers of species to permit testing these predictions, however, are quite scarce.
The manakins (Aves: Pipridae) are a diverse clade of small frugivorous birds distributed across the Neotropics. The family includes about 45 species and is broadly distributed in Neotropical forests, inhabiting lowland rain forests and other tropical forests. Additionally, manakins are easily collected, and so are wellrepresented in collections. Ecological niches are generally conserved among sister manakin species, suggesting ecological conservativism across lineages (MA and ATP, unpubl. data) . The Neotropical manakins are therefore an ideal group for examining the consequences of predicted future climate changes on the distribution of Neotropical biodiversity. Here, we model ecological niches and predict future potential geography of Neotropical manakins in the face of changing climates over coming decades. We evaluate likely effects of regional topography on changes in predicted distributional area, geographic position of distributions, and fragmentation of species' ranges.
METHODS
Our approach to modeling future geographic distributions of manakin species consisted of two steps: (1) modeling ecological niches based on known occurrences and datasets summarizing present-day environmental features (climate and topography), and (2) projecting models onto environmental datasets summarizing climates predicted for future time periods (here, mid-21 st century). The general methodology for modeling ecological niches and projecting effects of climate change on distributions is described in detail in Peterson et al. (2001) . INPUT 
DATA
Creation of an ecological niche model for projection across scenarios of change requires information on the occurrence of species of interest in the present day, digital raster GIS coverages summarizing climates for both time periods, and digital raster GIS coverages summarizing constant features of the landscape (e.g., topographic features, soil type). Occurrence information, in the form of unique geographic localities at which specimens of a particular species have been collected, was accumulated from data associated with natural history museum specimens for all manakin species and 10 species in closely related families (genera Neopelma, Neopipo, Piprites, and Tyranneutes). Specimen records were supplemented with data from the literature and field observations; complete lists of sources are available on request from the senior author. Sample sizes for eight species (five manakins and three from other families) were insufficient for generating models; these species were omitted from analysis.
We used seven electronic map layers summarizing aspects of topography (slope, aspect, and topographic index, from the U.S. Geological Survey's Hydro 1k elevation derivation database ,http://edcdaac.usgs.gov/gtopo30/hydro/.) and climate (annual mean precipitation, annual mean maximum monthly temperature, annual mean minimum monthly temperature, and mean annual temperature; Intergovernmental Panel on Climate Change ,http:// www.ipcc.ch/.). All environmental data sets were generalized to 0.1u 3 0.1u resolution (about 10 3 10 km) for an area including all of tropical America (34uN to 40uS). For refinement of modeled ecological niches, and because the aim of this study was to predict future distributions, we subdivided the study area into three subregions, based on the known distributions of most manakin species, within which models were developed (Amazon Basin, eastern South America, and northwestern Neotropics). Projections were made from these regional models to the whole study area.
SCENARIOS OF CLIMATE CHANGE
Ecological niches modeled for each species based on present-day occurrences and conditions were projected onto future climate data sets derived from two general circulation models: CGCM2, developed at the Canadian Centre for Climate Modelling and Analysis (Flato et al. 1999) , and HadCM3, developed at the Hadley Centre for Climate Prediction and Research (Pope et al. 2000) . For each circulation model, we averaged the results from two emissions scenarios, one conservative and one more severe set of assumptions for climates over the next 50 years: B2 assumes a 0.5% year 21 CO 2 increase and incorporates sulphate aerosol forcing, and A2 assumes a 1% year 21 CO 2 increase and does not take into account effects of sulphate aerosols (Nakicenovic and Swart 2000) . Results are based on a 30-year average around 2055 (2040-2069), thus they do not consider potential effects of increased climate variability (El Niñ o events in particular) on species distributions.
As global circulation model data are provided at coarse spatial resolutions (Hadley: 2.5u 3 3.75u; Canadian: 3.75u 3 3.75u), we scaled all coverages down to 0.5u 3 0.5u resolution by interpolation of expected changes in each climatic layer under each scenario. Although the scenarios are the same for both circulation models, implementing simulations under contrasting assumptions regarding emissions of greenhouse gases may give different predictions among the models and scenarios . Because the goal of this study was an overall exploration of likely climate effects on manakin diversity, we present average estimates based on predictions from both models and both scenarios.
ECOLOGICAL NICHE MODELING
The ecological niche of a species can be defined as the conjunction of ecological conditions within which it is able to maintain populations without immigration (Grinnell 1917, Holt and Gaines 1992) ; as such, it is defined in multidimensional ecological and environmental space (MacArthur 1972) . Several approaches have been used to approximate ecological niches (Nix 1986 , Austin et al. 1990 , Carpenter et al. 1993 ; that which has seen broadest application to questions of ecological niche evolution is the Genetic Algorithm for Rule-set Prediction (GARP), which includes several inferential approaches in an iterative optimization approach (Stockwell and Noble 1992 , Stockwell 1999 , Stockwell and Peters 1999 .
All modeling in this study was carried out with a desktop implementation of GARP (,http://www.lifemapper.org/desktopgarp/.). Available occurrence points are divided evenly into ''training'' and ''extrinsic test'' data sets; the former is again divided evenly into true ''training data'' (for model rule development) and ''intrinsic test data'' (for model rule evaluation and refinement). When sample sizes were ,20 unique localities, models were developed with intrinsic testing only. GARP is designed to use only presence data; absence information is included in the modeling via sampling of pseudoabsence points from the set of pixels where the species has not been detected. GARP works in an iterative process of rule selection, evaluation, testing, and incorporation or rejection. First, a method is chosen from a set of possibilities (e.g., logistic regression, bioclimatic rules) and is applied to the training data to develop a rule; rules may evolve by a number of means (e.g., truncation, point changes, crossing-over among rules) to maximize predictive ability. Predictive accuracy of each rule (for use in model refinement) is then evaluated based on 1250 points resampled from the intrinsic test data set and 1250 points sampled randomly from the study region as a whole. The change in predictive accuracy from one iteration to the next is used to evaluate whether a particular rule should be incorporated into the model, and the algorithm runs either 1000 iterations or until convergence.
In all, 100 models were generated for each species, and the 10 best distribution models were selected using a best-practices procedure for identifying optimal models (Anderson et al. 2003 ) based on omission (leaving out true areas of occupation) and commission (including areas not potentially habitable) error statistics. Specifically, we used a soft omission threshold, focusing on the extreme 20% of the distribution of omission values across models. We then chose models presenting intermediate levels of commission (i.e., the central 50% of the commission index distribution). The 10 best models were summed in ArcView 3.2, and we took as a best and most conservative distribution estimate the areas in which a species was predicted to be present by all 10 of these best models. Finally, because species are often prevented from inhabiting the entire spatial extent of areas comprising their appropriate ecological niche by barriers to dispersal (Soberó n and Peterson 2005), we reduced modeled distributions for the present to areas within or contiguous to known current distributions (Hellmayr 1924 , Peters 1931 , Hilty and Brown 1986 , Sick 1993 , Ridgely and Tudor 1994 , Ridgely and Greenfield 2001 , Hilty 2003 . Given the small sample sizes available and prior experience with modeling such species in these regions (Peterson et al. 2002; MA and ATP, unpubl . data), we did not separate species data for independent model validation.
STATISTICAL ANALYSES
We evaluated expected effects of climate change on species distributions under a conservative assumption of no dispersal capabilities, which is likely appropriate for manakins, which tend to be habitat-restricted and sedentary. As such, we considered only the intersection of each species' predicted distribution after climate change with its present geographical distribution. This procedure identifies the portions of current potential distributions that will remain habitable for the species after modeled climate change.
Centroids of present-day and predicted future distributions under the assumption of no dispersal were calculated using the centroid option in ArcInfo 8.0. Pairwise distances between these centroids for each species were computed as Euclidian distances, where:
and v iP and v iF are the values of the i th geographical coordinate (latitude or longitude) at the centroid of the species' present and future distributions, respectively. The overall predicted future distribution of manakin diversity was represented by the sum of final predicted future distribution maps across all species. To summarize this diversity regionally, we divided the study region into six ecoregions generally recognized to comprise specific groups of Neotropical birds and usually considered in conservation plans (Central America-Chocó and NW South America, Andes, Amazon, Guiana Region, Cerrado, and Atlantic Forest; Fig. 1 ) and estimated numbers of species predicted to be lost from each ecoregion. Geographical limits of ecoregions were compiled based on the World Wildlife Fund's maps of terrestrial biorealms (,http://www.worldwildlife.org/wildworld/ profiles/.).
Effects of climate change on distributions were evaluated for montane and flatland species separately (species were classified as montane or flatland inhabitants based on the majority of their known ranges), and compared using nonparametric Mann-Whitney U-tests. We calculated levels of fragmentation for present and future distributions using the Patch and Proximity extensions in ArcView 3.2, estimating mean number of connected patches, patch sizes, distances to the nearest neighbor, and median isolation indices (according to index ''PX 92 ''; Gustafson and Parker 1992) for each species. We used Wilcoxon matched-pairs tests to compare levels of fragmentation predicted for species distributions under present and future climates, and compared mean predicted changes in fragmentation level between present and future climates for flatland and montane species using Mann-Whitney U-tests.
RESULTS
In a previous study (MA and ATP, unpubl. data) , coincidence of predictions of present-day geographic distributions with independent test data was highly significantly better than random models for all species (chi-square tests, all x 2 . 6.8, all P , 0.01), suggesting good predictive power of models regarding the potential geographical distribution of each species. Based on this result, we were confident in continuing with further, extrapolative analyses.
Projections of niche models onto predicted future climate scenarios indicated moderate to extreme spatial changes in manakin distributions: under the assumption of no dispersal, areas of potential distributions were predicted to be reduced on average by 76% (range Fig. 2 ). In general, about half the species were predicted to lose .80% of their modeled present-day distributions, and 11 species were predicted to retain ,5% of their present suitable areas (Table 1) . Consequent predicted changes in the distribution of manakin diversity include drastic reduction of species richness in forests in the Amazon Basin and a focusing of remaining species-rich areas along mountain ranges (Fig. 3) .
Proportional reduction of habitable area was not correlated with modeled area of present-day distribution (r 2 5 0.11, P . 0.05). However, the ecological niche models predicted the effects of climate change to be more severe for manakin species inhabiting flatlands than species in montane forests. Species inhabiting flatland forests in the Amazon and Cerrado ecoregions were predicted to lose ,80% of habitable area; indeed, ,20% of Cerrado manakin species would be potentially extinct from the biome under future climates (most of these species occur in other ecoregions). Predicted potential area loss and species extinction were lower in other ecoregions (16%-50% and 0%-5%, respectively), which are dominated by montane landforms. Furthermore, larger proportions of present-day distributional areas were predicted to remain habitable in montane situations than in flatlands (Mann-Whitney U 5 110, P , 0.01; Fig. 4) , and flatlands species were predicted to experience larger spatial shifts in their modeled potential distributions than montane species (Mann-Whitney U 5 38.5, P , 0.01; Fig. 4) . Several examples are shown in Fig. 2 .
In general, suitable habitats were predicted to become more fragmented under future climates (Wilcoxon matched-pair test, all Z . 2.7, all P 
DISCUSSION
This study predicted considerable effects of future climate changes on the distribution and diversity of manakins throughout the Neotropics. Our approach focused on ecological niche modeling based solely on the responses of species to climatic and topographic variables, and did not evaluate effects of climate changes on forested habitats. Considering that climatic variables may often be surrogates for occurrence of plant species and vegetation types (Siqueira and Peterson 2003) , and may not affect the persistence of bird species directly, other effects of future climates may affect distributions of manakins beyond those foreseen here. More dramatic effects would be expected if vegetation cover changes abruptly, or if potential effects on habitat parameters such as plant phenology and fruit availability are considered; conversely, effects might be less pronounced if habitat structure changes moderately in response to new climatic conditions. Nevertheless, we expect relatively minor variations from the species loss and distributional changes predicted here, as ecological niches have defined species distributions accurately on both ecological and evolutionary timescales (Huntley et al. 1989 , Peterson et. al. 1999 , Martinez-Meyer et al. 2004 ). The Amazon and Cerrado regions are predicted to lose a large portion of their suitable manakin habitats, therefore a major reduction in diversity of these birds in flatland forests is expected. While manakin diversity is predicted to decrease dramatically in the Amazon region, overall species composition is not expected to be reduced greatly. In contrast, forested habitats in the Cerrado are predicted to face considerable loss of both habitable area and species. Although most manakins occurring in the Cerrado are not restricted to that region, generally inhabiting transitional zones to other biomes, Cerrado bird species diversity may be severely threatened, as previous assessments have shown drastic effects of future climates for Cerrado tree species (Siqueira and Peterson 2003) . Predictions of vegetation cover and structure for these areas are, however, difficult to postulate. Although paleoclimatic reconstructions for the Amazon Basin indicated that savanna formations did not expand in warmer interglacial periods during the Holocene (Hoorn 1997 , Harbele and Maslin 1999 , Colinvaux et al. 2000 , Pennington et al. 2000 , Bonnacorso et al. 2006 , some studies have shown that dry, sandy soil forests may have benefited from these climates (Prado and Gibbs 1993 , Pennington et al. 2000 and may become more available in the future. In fact, the composition of biotas in the past indicates that climate changes affect individual species differently, and future biotas may not have contemporary analogues (Graham 1988 , Hunter et al. 1988 . Furthermore, the increase of 3.0-5.1uC Sirocko et al. 2005) . In general, forested areas predicted to hold suitable habitats under future climates are of conservation importance for flatland faunas. However, predicted species losses should perhaps be regarded with some caution, as reactions to unknown climate combinations that species would likely experience under future climate regimes, to some degree at least, are unknown (Graham 1988 , Hunter et al. 1988 . Montane regions, on the other hand, appear to be crucial for conservation of Neotropical manakin species diversity. Montane forests are predicted to hold the highest local manakin diversity in coming decades and, although models predicted less severe effects of climate change in montane forests, montane species are nonetheless predicted to see significant reductions in distribution (.30%), and would likely also experience new climatic conditions under future climate regimens, with unknown effects on their persistence. Furthermore, the accelerated deforestation rates that some of these habitats are facing (da Fonseca et al. 2000 , Myers et al. 2000 suggest that montane forests predicted to remain habitable in the future on climatic grounds should be assigned top priority for conservation action, as they may prove highly endangered on land-use considerations.
Flatland and montane topographies present different scenarios for changing distributions under future climates. The reduced horizontal shifts in suitable conditions in montane versus flatlands regions are instead associated with changes in distributional area along altitudinal gradients (Peterson 2003) . This pattern probably results from the greater environmental heterogeneity found within grid squares in the more topographically diverse montane regions. Species inhabiting montane forests may also be more flexible regarding habitat requirements, as some species undergo altitudinal migrations among seasons (Rosselli 1994, Blake and Loiselle 2002; MA, unpubl. data) . Altitudinal shifts may nevertheless make these species more vulnerable, as they may require lowland habitats for continuous fruit availability (Rosselli 1994 ). More accurate results will be possible once models of climate change become available at finer spatial scales, but the broad responses of flatland and montane species to climate changes will likely be similar to the current results, given the variation in topography and spatial heterogeneity between these habitats.
Our assumption of no dispersal is unlikely to have influenced our results regarding effects of climate changes and topography on distributions of species. In the original publication outlining these effects (Peterson 2003) , similar patterns were observed among North American birds when very liberal dispersal scenarios were considered, and dispersal ability affected only the distances by which geographic distributions shifted.
Although local manakin populations are usually not particularly sensitive to habitat fragmentation (Andrade 1999 , Anciães and Marini 2000 , Rosselli et al. 2002 , effects of climate changes at regional scales (e.g., area loss and isolation, distributional shifts, metapopulation dynamics) may overcome local population processes. Under this scenario of accentuated isolation and reduction of habitable area, manakin species may indeed become threatened. Reduced patch size suggests increasing dependence of local populations on suitable habitats at regional scales to preserve metapopulation dynamics.
Niche modeling provides a useful means of exploring the effects of future climate change on biodiversity patterns. As such, it may prove helpful in identifying priority areas for conservation, i.e., areas where future climates will likely promote gain versus loss of biodiversity. Given the large predicted distributional shifts for flatlands species, their present-day ranges offer little information about future distributions. Thus, effective conservation of flatland species, in particular, depends on accurate predictive methods, as indicated here and in previous studies (Peterson et al. 2001 , Peterson 2003 . Conservation of montane species, on the other hand, requires techniques that are able to accurately locate remnant habitats that will likely remain habitable after climate change. 
